Abstract Previous case-control studies have suggested a possible increased risk of Amyotrophic Lateral Sclerosis (ALS) with physical activity (PA), but this association has never been studied in prospective cohort studies. We therefore assessed the association between PA and risk of death from ALS in the European Prospective Investigation into Cancer and Nutrition. A total of 472,100 individuals were included in the analysis, yielding 219 ALS deaths. At recruitment, information on PA was collected thorough standardised questionnaires. Total PA was expressed by the Cambridge Physical Activity Index (CPAI) and analysed in relation to ALS mortality, using Cox hazard models. (2016( ) 31:255-266 DOI 10.1007 Interactions with age, sex, and anthropometric measures were assessed. Total PA was weakly inversely associated with ALS mortality with a borderline statistically significant trend across categories (p = 0.042), with those physically active being 33 % less likely to die from ALS compared to those inactive: HR = 0.67 (95 % CI 0.42-1.06). Anthropometric measures, sex, and age did not modify the association with CPAI. The present study shows a slightly decreased-not increased like in casecontrol studies-risk of dying from ALS in those with high levels of total PA at enrolment. This association does not appear confounded by age, gender, anthropometry, smoking, and education. Ours was the first prospective cohort study on ALS and physical activity.
Introduction
Amyotrophic Lateral Sclerosis (ALS) is a progressive motor disease characterised by degeneration of the upper and lower motor neurons, with a median survival of 3 years [1] . Cigarette smoking is the only environmental factor which has been shown to increase the risk for this disease in case-control and cohort studies with solid design [2] [3] [4] [5] .
The observation that ALS incidence in Italy was increased among football players [6] , recently reproduced in USA among American Football players [7] , is consistent with the hypothesis, among others, that intense physical activity (PA) could be a risk factor for developing ALS. This hypothesis was firstly prompted by a US case-control study showing an increased risk of ALS among people who reported having participated in organised sports in high school [8] . It is supported by another small pilot casecontrol study from the USA showing an increased risk of ALS among those reporting more leisure-time PA, and those sweating while working [9] ; by a more recent large population-based case-control study showing that leisuretime (but not occupational or vigorous) physical activity was associated with ALS (although there was not a clear dose-response relationship) [10] ; and by a large population-based case-control study in Japan showing doubled risk of ALS among those practicing vigorous physical activity compared to physically inactive [11] . Conversely, a previous Dutch case-control study did not observe an association between PA and ALS: there was a younger age of symptom onset among those with a higher cumulative leisure PA [12] ; although this was potentially explained by a birth cohort effect [13] . A very recent large case-control study found an inverse association between physical activity and ALS [14] . The main epidemiological observations to date on physical activity and ALS are summarised in Table 1 .
Hypotheses other than that of an association between PA and ALS which are indicated by the evidence produced so far include: (1) that participating in sports (and not PA per se) can increase the risk of ALS (for example via repeated head or limb traumas, or ingestion of illicit substances enhancing sportive performance); or (2) that the age when physical activity is undertaken modifies the risk of ALS. On the other hand, being lean and athletic might be a phenotypic expression of genetic susceptibility to ALS; this might be supported by the finding that cardiovascular fitness was found to be associated with ALS in a record linkage study [21] . To our knowledge, the association between PA and risk of ALS has never been investigated in a prospective study. In a recent report from the EPIC cohort, a lower body mass index (BMI) in men and a lower waist-to-hip ratio (WHR) in women were associated with an increased risk of dying from ALS [22] . Similar results of a decreased risk in both men and women with increased BMI were recently reported in five US cohorts [23] . To what extent this association is modified by PA has not been explored so far.
The aims of this study are to: (1) assess the association between total PA and risk of death from ALS in the European Prospective Investigation into Cancer and Nutrition (EPIC); (2) explore the contribution of other cumulative measures of PA (occupational, household, recreational, potentially traumatic, practising sports, and vigorous PA) on the risk of ALS; and (3) investigate to what extent these associations are confounded or modified by anthropometric measures or other factors (sex and age). [24] . Exceptions were the French cohort (based on women members of the health insurance for state school), the Ragusa (Italy) cohort (based on blood donors and their spouses), the Utrecht (Netherlands) and Florence (Italy) cohorts (based on breast cancer screening participants), and part of the Oxford (UK) cohort (based on vegetarians and vegans) [24] . The Norway, France, Naples (Italy), and Utrecht cohorts were restricted to women. At recruitment, information on lifestyle and dietary habits was collected through standardised questionnaires and anthropometric characteristics were measured. Followup for mortality and specific causes of death is carried out actively or through linkage with mortality registries at regional and national levels [24] . To date, follow-up is 98.5 % complete. The Norwegian EPIC sub-cohort (n = 37,185) was excluded from the present analysis because it did not give rise to any ALS cases, given its younger age composition.
Information on mortality and causes of death was collected independently: follow-up time was censored in case of dropout, loss of follow-up or fatal events other than ALS death (whichever occurred first). Each EPIC centre had a different last date of follow-up, based on when a drop in the number of reported causes of death was observed, for minimising false negatives [22] . This resulted in censoring follow-up time at some stage between June 2005 and June 2009, generating 5,815,773 person-years for 472,100 subjects after excluding 9123 (1.9 %) individuals with missing data on exposure or confounding variables.
Case ascertainment
ALS cases were defined as those subjects for whom ''motor neuron disease'' (G12.2 according to the 10th revision of the International Statistical Classification of Diseases, Injuries and Causes of Death) was reported as an immediate, antecedent or underlying cause of death (for more details, see [2] ).
Physical activity assessment
The assessment of PA measures is described in detail elsewhere [24, 25] . In brief, participants replied to a questionnaire at baseline about occupational PA, and recreational PA, including duration and frequency of walking, cycling, gardening (average values in summer and winter), household work, do-it-yourself (DIY) activities, and sports during the previous year.
Total PA was investigated using the Cambridge Physical Activity Index (CPAI), which combines occupational PA (sedentary occupation, standing occupation, manual/heavy manual work) with time participating in sports and spent cycling [26] . The total hours per week spent cycling or participating in sports was categorised in four levels (no, B3.5 h/week; [26] . The index was developed by comparing the EPIC PA questionnaire with objective measures of cardio-respiratory fitness and energy expenditure assessed by heart-rate monitoring with individual calibration (measures validated against gold standard techniques) [26] , and recently revalidated against a brief questionnaire examining energy expenditure and time spent in moderate and vigorous physical activity [27] .
Information on housework, DIY, gardening and climbing stairs was combined to estimate the overall amount of household activity. Recreational PA included walking, cycling, gardening, sports, and DIY. Potentially traumatic PA was defined as performing manual or heavy manual work, playing sport, or doing DIY. Duration and frequency were directly estimated, and intensity (i.e. energy expenditure) was estimated by assigning metabolic equivalents (METs), ranging from 3 for walking and household activities to 6 for sports [28] . Household and recreational PA were categorised in quartiles of distribution; playing sports was categorized as 0, \12 (below the median) or 12? (above the median) MET-h/week; vigorous PA was categorized as 0, B2 (below the median), or [2 (above the median) h/week; potentially traumatic PA was classified as ever/never.
Statistical analysis
Cox proportional hazard models, with age as the main time variable were used to investigate the associations between type and amount of PA and ALS mortality. Hazard ratio (HR) estimates were derived for the entire sample, stratified by age and centre of recruitment. Potential confounders included sex, highest level of education attained (none/primary, technical, secondary, university, undetermined), a composite smoking variable (never smoker, former smoker C10 years prior to enrolment; former smoker \10 years prior to enrolment, current smoker 1-4 cigarettes/day; 5-14 cigarettes/day, 15-24 cigarettes/day, C25 cigarettes/day, undetermined), BMI in units (kg/m 2 ) and WHR. This composite smoking variable best takes into account the complex pattern of smoking variables on ALS risk found in this cohort [22] .
For each Cox regression analysis, a p value for linear trend across categories was calculated by introducing the ordinal variable in the model. The p value for interaction between each PA category and sex, age (\50 years and 50? years), BMI, and WHR was estimated using the loglikelihood ratio test comparing models with and without the interaction term (allowance made for p \ 0.100). To further explore to what extent anthropometric measures could act as confounders separate models were computed: (1) including and excluding them; and (2) stratified by BMI categories [under/normal weight (\25.0 kg/m 2 ), overweight (25.0-29.9 kg/m 2 ), and obese (C 30 kg/m 2 )] and WHR sex-specific quartiles. To explore the extent to which PA modifies the age of ALS onset, the analysis of each PA variable was repeated among those with an age of death from ALS \70 years (N = 120), and among those aged 70? years (N = 102).
A sensitivity analysis was conducted with models excluding ALS cases arising during the first 3 years of follow-up in order to minimise the potential for reverse causation. Statistical significance was set at 5 % for twotailed tests.
Results
The characteristics of the cohort participants by the CPAI are described in Table 2 .
A total of 219 ALS deaths (76 men and 143 women) arose during follow-up, with the mean follow-up period being 13 years (SD 3 years). Men and younger people were more likely to be physically active; a moderate association between higher levels of PA and higher educational level, lower BMI, and less smoking was observed (Table 2) .
Total PA as estimated by the CPAI was inversely associated with ALS mortality, with a statistically significant trend across categories (p = 0.042) in the fully adjusted model (Table 3) . Introducing BMI into the model, the statistical significance of the linear trend was maintained (p = 0.032), and risk estimates were slightly strengthened (p value for the interaction with BMI = 0.318); replacing BMI with WHR, the risk estimates were slightly reduced as was the significance level of the linear trend (p = 0.084) (p value for the interaction with WHR = 0.889). Hazard ratio estimates by BMI categories and WHR quartiles are shown in Fig. 1 .
The association between CPAI and ALS mortality did not appear to be modified by gender (p interaction = 0.272) or age (p interaction = 0.875). When the main analysis was repeated after excluding those who were unemployed at recruitment (34.7 %) (and thus a priori classified as in a sedentary job occupation), the association between CPAI and ALS remained of similar magnitude although falling short of statistical significance due to the reduction of the sample size (ALS cases = 147).
Occupational, household, recreational, potentially traumatic, sportive, and vigorous PAs were not associated with ALS mortality (Table 3 ). Although this sample is not powered to allow subgroup analyses, we obtained suggestive results for two interactions. The association with practising sports appeared modified by anthropometry: those normal weight practising sports above the median had a HR 0.77 (95 % CI 0.47-1.26) compared to those who did not practice any sport, those overweight a HR 1.30 (0.77-2.20), and those obese a HR 1.56 (0.63-3.87) (p value for interaction with BMI 0.098); subjects in each quartile of WHR had a HR 0.53 (0.23-1.22), HR 0.82 (0.38-1.76), HR 1.08 (0.56-2.09), and HR 2.15 (1.08-4.31) respectively comparing those practising sport above the median versus those not practicing sports (p value for interaction with WHR 0.045). These findings were not statistically significant, possible due to small numbers; the association with ALS appears to reverse if sports were practised by obese people (Fig. 2) . The association with vigorous PA appeared to be modified by age at recruitment (thus age when the exposure was assessed) (p value for interaction = 0.048): despite the reduced sample size (ALS cases = 31), there was a suggestion of a positive association among those reporting vigorous activity early in life (\50 years) HR = 3.20 (95 % CI 0.87-11.74) for B2 h/week; and HR = 3.37 (95 % CI 0.88-12.93) for [2 h/week); p value for trend across categories 0.070). This association was not present among those reporting vigorous PA later on [HR = 1.04 (95 % CI 0.67-1.62); HR = 0.74 (95 % CI 0.44-1.26), respectively]. Models run separately for early and late age of ALS onset showed effect estimates comparable to those of the main analysis in both categories (results not shown).
The sensitivity analysis involving models excluding ALS cases arising during the first 3 years and during the 
Discussion
The present study shows a borderline significant inverse dose-response relationship between total PA measured at enrolment and subsequent risk of dying from ALS. This association does not appear to be confounded or modified by age, gender, or BMI, smoking, or highest level of education attained; but it became of borderline statistical significance once introducing WHR into model. The CPAI was designed for ranking the participants according to their overall PA based on heart rate monitoring, best reflecting the amount of energy spent in physical activities [26] . This is the first prospective cohort study assessing the type and amount of PA before disease onset, and the subsequent risk of developing and dying from ALS. The finding of an inverse association between PA and risk of ALS is at odds with the majority of findings coming from case-control studies [8, 10, 12, 20] .
To date, in fact, all published evidence on the association between ALS and PA comes either from case-control studies [8, 9, 20, 29] , or from retrospective cohort studies [6, 7] . The former have the limitation of being prone to recall bias (which might be particularly relevant when assessing PA whose quantification is not easy, and which can be easily related by patients to a disease impairing movements). The retrospective cohort studies investigating the risk of ALS among football players have the advantage of including large numbers, but are limited to a highly selected group, and cannot fully account for potential confounders.
Possible ways in which PA may increase the risk of ALS involve oxidative stress, glutamate excitotoxicity and Physical activity and risk of Amyotrophic Lateral Sclerosis in a prospective cohort study 261 complex interactions with ALS susceptibility genes [30] . On the other hand, the mechanisms through which PA might protect against ALS are thought to be mediated by exercise-induced changes in motor neuron morphology, muscle-nerve interaction, glial activation, and altering levels of gene expression of anti-apoptotic proteins and neurotrophic factors [31] . The effects of exercise upon astrocytes and angiogenesis are also relevant in ALS as astrocytes play an important structural role in the maintenance of the blood-brain barrier (BBB) [32] . A disruption of the BBB in SOD1 mice was found starting in the early stages of the disease [33] . The extensive disruption of the neurovascular unit may promote the progressive loss of motor neurons, with their integrity dependent upon efficient capillary influx of nutrients and efflux of waste, as well as direct supportive interactions with astrocytes. In the brains of exercised rats, the neurovascular unit is strengthened by increased angiogenesis and astrocyte proliferation [34] . The present data suggest that reverse causality is not a likely explanation of the results: after removing ALS deaths during the first 3 years of follow up, the inverse association strengthened (albeit with a reduced sample size). The role of unemployment in contributing to the CPAI is more complex: it might represent an effect of residual confounding of socio-economic status, or an unmeasured reverse causality. However, the fact that an association of similar magnitude between CPAI and ALS mortality (albeit not significant) is obtained after excluding those subjects who were unemployed at recruitment suggests that residual confounding or reverse causality are perhaps not the most likely explanations.
The present study had lower statistical power to detect interactions, and the findings in this sense should be interpreted cautiously and regarded as hypothesis generating. Nevertheless, it is interesting that there was also a suggestion of an increased risk of ALS from vigorous PA in obese subjects (or subjects with an elevated BMI due to substantial increase of muscle mass) among those practising sports, and in young individuals. Should these be confirmed by further investigations, they may reflect some specific characteristics of these two categories, such as, for example, the use of some stimulating agents enhancing sportive performance and/or promoting weight loss [35] . Some of these compounds, such as anabolic steroids and testosterone, increasingly used and abused by athletes for enhancing performance [36] , have been shown to stimulate muscle mass increase [37] . These hormones may increase ALS risk though unknown mechanisms, and may also contribute to the higher incidence of ALS in men than women [38] . This hypothesis is consistent with previous observations linking ALS risk to practising sports in general [17, 20] , or being professional football players [6, 7] , or varsity athletes [8, 9, 20] or professional athletes [17] . Also, a recent report from Europe describes an inverse association between PA and ALS, except for professional sport players [29, 39] . Unfortunately, we are not able to reproduce the findings on professional sport players in this setting, as this information is not available in EPIC. A cohort effect explaining the suggested increased risk among those practising vigorous PA at younger ages has already been suggested by Ascherio [13] in reference to the study by Veldink et al. [12] ; this cannot be ruled out, although it seems an unlikely explanation given that it applies to vigorous activity only. The small sample size and the relative oversampling of women by design in the EPIC study do not allow powered estimates of association in both sexes, separately. Despite the p value for interaction with sex being far non-significant (p = 0.272), we cannot rule out that the present results are at least partially driven by the association in women. Death records appear to be reliable for ascertaining ALS deaths (and hence ALS itself) in this [2] and other large population studies [40] . Nonetheless, a recent study in UK identified an error in the WHO ICD-10 Alphabetic coding Index where progressive supranuclear palsy was mistakenly given as code G12 [23] . However, a validation exercise on death records demonstrated that only 8 % of the women receiving a diagnosis of ALS were misclassified [3] . Furthermore, misclassification introduced by the use of death records instead of specialist diagnoses would likely be non-differential and thus bias the estimate towards the null; therefore the risk estimates reported here might underestimate true associations.
In summary, in this prospective study, practising more PA was associated with a reduced risk of dying from ALS. This association does not appear to be confounded or modified by age, gender, BMI, smoking and the highest level of education attained, and it is unlikely explained by reverse causation.
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